Abstract. In dynamic atomic force microscopes the primary physical quantities being measured are the amplitude/phase or amplitude/frequency of the vibrating force probe. Topographic images with spatial resolutions down to the atomic scale can be obtained by mapping these measurements across the sample surface under feedback control. During the imaging process the vibrating tip is observing tip-sample interaction potentials (force-distance relationships) at every point on the surface. The interaction potential is a superposition of short-and long-distance interactions of various origins determined by the material compositions of the tip, sample, and the medium of imaging. In principle, measurement of tip-sample interaction potential should allow determination and mapping of material composition of the sample. However, a single measurement of amplitude/phase or amplitude/frequency in dynamic atomic force microscopes is not enough to characterize a complicated tip-sample interaction potential. Recent developments in the understanding of dynamics of the vibrating force probe (cantilever), together with specially designed cantilevers that utilize torsional vibrations in addition to conventional vertical vibrations, enable the recovery of tip-sample interaction potentials at a timescale less than a millisecond. Here, with theory and experiments, we discuss how these cantilevers recover the information about the tip-sample interaction forces and give an example of compositional mapping on a polymeric material system.
IntroductIon
Various fronts of nanoscale science and technology are dealing with synthetic or biological materials and molecules that have nanoscale features. Regardless of particular disciplines, techniques that are able to identify, quantify, and map material compositions are needed. Atomic force microscopy (AFM) techniques, with their inherent nanoscale spatial resolution, have a great potential to accomplish this task. Several forms of force microscopes have already demonstrated compositional mapping, identifying and locating specific molecules, 1 and mechanical measurements. 2 These and various other powerful AFM techniques have been successfully applied to numerous problems in their respective fields. However, most of these techniques rely on different sets of instrumentation and imaging modalities (contact mode, tapping mode, frequency modulation, etc.). Therefore, in a given imaging experiment a large portion of information about the sample gets lost.
One of the most powerful AFM-based material analysis techniques is force spectroscopy, which allows measurement of tip-sample interaction potentials. 3 Tip-sample interactions are primarily determined by the material properties of the tip, sample, and the medium of the experiment (air, liquids, vacuum). Attractive and repulsive forces contain information about the local adhesiveness and viscoelasticity. Depending on the characteristics of the sample, these forces may also originate from electrostatic or magnetic interactions. Forces with 2008 56 different origins also have different dependencies on the distance between the tip and the sample. For example, mechanical restoring forces appear when the tip and sample are in contact. Capillary forces reveal themselves when the tip is slightly above the surface. Electrostatic interactions have a longer range than Van der Waals forces. Therefore, recovery of the force-distance relationship can provide detailed information about various material properties of the sample.
Force spectroscopy can be performed in both dynamic modes like frequency modulation or tapping mode (amplitude modulation), and in quasi-static modes like contact mode (force curves). 4 However, the time it takes to recover the force-distance relationship on a single point on the surface is around 1 second. As a result, mapping material properties with force spectroscopy is not only time-consuming, but also subject to drifts in the sample position. A faster technique that can provide force-distance information is therefore needed.
During the imaging process in dynamic AFM modes, the sharp tip is approaching and retracting from the surface; therefore it is subject to forces varying with distance. Measurement of these forces can, in principle, provide information on the force-distance relationship. However, the force-sensing cantilever probe is not efficiently responding to the variations in the forces. This is because tip-sample forces are changing at a much faster rate than what the cantilever can follow. Note that the cantilever is already moving on its resonance frequency, which is approximately the highest frequency that it can respond to, but highly nonlinear tip-sample forces change at a much faster rate. As an example one can consider the tapping-mode operation, where the cantilever vibrates and intermittently contacts the sample. As a result, tip-sample forces appear as a periodic pulse waveform with a period equal to the cantilever oscillations. The pulse duration is determined by the contact duration, which is typically between 2% and 15% of the period of the oscillations. 5 This means the forces rise up and disappear much faster than the period of the vertical oscillations. Therefore, the cantilever cannot efficiently respond to these forces, and a large portion of the information about the force-distance relationship gets lost. This observation points out that the performance of the force-sensing probe should be improved to recover force-distance relationships during the imaging process.
Recently, several groups have developed force sensors for atomic force microscopy to allow efficient measurement of forces that are changing faster than the resonance frequency of the cantilever. Sadewasser and coworkers and Kimura and coworkers modified the cantilever geometries to optimize the second resonance mode of the cantilever to enhance electrical force detection. 6, 7 Sahin and coworkers designed the geometry of the cantilever to tune the third resonance frequency of the cantilever to an integer multiple of the first one. 8 This condition enhanced vibration signals at the corresponding higher-harmonic frequency, which provides qualitative information on the mechanical properties. Degertekin and coworkers used a membrane-based force sensor, adapted from high-bandwidth acoustic transducers, as a fast force-sensing 9 and actuation 10 device and demonstrated measurement of rupture forces between protein and antibody pairs. 12 These timevarying forces are plotted against tip-sample separation to obtain the force-distance relationship. With the force-distance measurements recorded while the surface is scanned in the tapping mode, they have observed gradual changes in the stiffness of the two components of a thin binary polymer film as it is heated to go through glass transition. These measurements are performed in the tapping mode, which is the most widely used imaging modality because of the gentle intermittent contact between the tip and the sample that minimizes lateral interactions. Therefore, force-distance measurements enabled by the torsional harmonic cantilevers can be obtained on a wide range of samples. In this article, we will first discuss how the information about the tip-sample interaction is lost in conventional tapping-mode imaging, and then we will experimentally show its recovery with the use of torsional harmonic cantilevers and investigate compositional variations in a polymer sample composed of high-and low-density polyethylene.
theoretIcAl BAckground
In tapping-mode AFM the phase of the cantilever vibrations can be recorded and mapped as the cantilever is scanned across the surface. This operation is called phase imaging. In most samples, a much better contrast is observed in these phase images compared to simultaneously recorded topographical images. The origin of phase contrast is primarily compositional variations across a surface. 13 Dynamics of the tapping-mode AFM have been investigated in depth by several groups in order to interpret and enhance phase images, explore other contrast mechanisms, and also improve image resolution by understanding and optimizing the role of feedback conditions. One of the key findings is the direct relationship between tip-sample energy dissipation and the phase of the cantilever vibrations. 14 The origin of image contrast is basically the variation of tip-sample energy dissipation from one material component to the other. There are several mechanisms of energy dissipation in tip-sample contact. Capillary forces, 15, 16 adhesion hysteresis, 17 and viscous response of the sample are among the dominant contributors. This makes it difficult to relate phase images to a particular material property. Moreover, the elastic component of the tip-sample interaction does not contribute to phase contrast. 18 This leads to a loss of information about the sample because the modulus of elasticity is a key parameter that can vary several orders of magnitudes from one material to the other.
In the following numerical simulations of the tapping-mode operation, we show how the information on the elastic component of tip-sample interactions disappears when the cantilever vibration amplitude and phase are the only measured parameters. In our calculations we model the vibrating cantilever with a damped harmonic oscillator, which has a spring constant and resonance frequency equal to that of the cantilever. We model the sample with an effective elastic modulus and a force of adhesion and use the formula provided by the Derjaguin-Muller-Toporov (DMT) contact mechanics model between a spherical tip and a flat surface. 19 The formula is:
Here F interaction is the tip-sample force, E* is the effective elastic modulus, R is the tip radius, d 0 is the surface rest position, d -d 0 is the depth of indentation, and F adh is the adhesion force during the contact. The equation of motion for the steady-state oscillations of the tapping cantilever has been solved and several formulations are provided in the literature. [20] [21] [22] [23] We have used the formulation described in ref 23 to obtain tip-sample force waveforms at the steady state.
In Fig. 1 we compare the effect of elastic interactions on the dynamics of the cantilever by using different elastic modulus values for the sample. For these calculations we assumed a cantilever spring constant K = 2 N/m, quality factor Q = 50, tip radius R = 7 nm, vibration set-point amplitude A s = 30 nm, and free-amplitude A 0 = 40 nm. Adhesion force for the sample is calculated according to Van der Waals interactions with a Hamaker constant H = 3e-20 J and interatomic distance a 0 = 0.165e-9. This combination yields an adhesion force of approximately F adh = 1.5 nN; Three elastic modulus values for the sample are used for the comparison. These are 1 GPa (Fig. 1a) , 100 MPa (Fig. 1b) , and 10 MPa (Fig. 1c) , respectively. For each elastic modulus value, the resulting tip-sample forces are plotted against tip-sample distance (left column), time (center column), or frequency (right column).
The force-distance relationships in Fig. 1 extend over 60 nm, which is twice the set-point amplitude of the vibrations. The rest position of the sample is set as origin of the position axis. We see that the range of indentations (negative direction) increases towards the more compliant samples and reaches more than 20 nm on the 10-MPa sample. However, peak interaction forces drop towards the more compliant samples. This highlights one of the important advantages of the tapping mode. The feedback mechanism does not rely on keeping the interaction force constant; instead it allows the cantilever to self-adjust to reduce forces on compliant samples. This self-adjustment process becomes clear when we look at the force-time relationships. During the vertical oscillations of the cantilever, the tip moves in a sinusoidal orbit in time. So, tip-sample forces also change in time. In steady state, the force-time relationship becomes periodic. Periodic force waveforms on each sample are plotted in the center column. Note that these waveforms are extracted from the same force data given in the left column. Here we see that the force waveform is in the form of a pulse, and the width of the pulse is increasing towards the more compliant samples. As we discussed in the force-distance analysis, peak forces are dropping towards more compliant samples. Theoretical results of Garcia and coworker have shown that the fixed vibration amplitude (i.e., set-point amplitude) in tapping-mode leads to a constant time average tip-sample force. 24 So, wider pulses in tip-sample force waveform necessitate lower peak forces. Therefore, force-time waveforms strongly depend on the elastic properties of the sample. This analysis argues that extraction of the elastic properties of the sample requires access to the time varying forces between the tip and the sample. Unfortunately, measurement of the cantilever vibration amplitude and phase does not recover the tip-sample force waveform.
The frequency components (spectrum) of the tipsample interaction forces given on the right column in Fig. 1 explains the difficulty behind the measurement of tip-sample force waveforms. For each of the three samples, frequency components are calculated by taking the Fourier transforms of the periodic tip-sample forces in the middle column. We refer to these frequency components as harmonics of the tip-sample force waveform. Here, we only plot the magnitudes of each harmonic. In these plots, we see that the magnitudes of the harmonics are approximately the same for the first few harmonics on each of the three samples. However, there are larger differences at the higher harmonics. This tells us that the force waveforms are primarily confined to higher harmonics. Note that there is an inverse relationship between the pulse width of the tip-sample force waveforms and the extent of the harmonic spectra. Higher harmonics have a larger magnitude on stiffer materials.
The amplitude and phase measurements of the tapping cantilever are performed at the drive frequency, which corresponds to the first harmonic. Therefore, it cannot provide information about the magnitudes of the harmonics at other frequencies. This points out that the force measurement has to be performed at multiple frequencies beyond the drive frequency in order to extract information about the tip-sample force waveform. The problem here is that the cantilever is vibrated already at its resonance frequency. Its response above the resonance frequency is substantially lower and typically yields signal levels comparable to the detector noise. Nevertheless, several groups have performed tip-sample force waveform measurements and imaging based on higher harmonic signals of the cantilever vibrations. [25] [26] [27] [28] [29] [30] 
results
In this section, we will describe how the cantilever can be engineered to enhance the measurements of higher harmonic force components. Then, we will give examples of the recovery of tip-sample force waveforms with low noise levels.
Engineering the Response of the AFM Cantilever
In the theoretical background section we discussed that the cantilever in tapping-mode is driven at its resonance frequency. The mechanical response of the cantilever is at its maximum at the resonance frequency. The enhancement in the amplitude response on resonance is determined by the quality factor of the cantilever, which is typically around 100 in air. Only the harmonic force that matches the drive frequency contributes to the cantilever vibrations significantly. As a result, higher harmonic forces that appear at exact integer multiples of the driving frequency cannot efficiently excite vibrations on the cantilever. Thus, engineering the response of the AFM cantilever is required to enhance higher harmonic signals.
The AFM cantilever is a continuum mechanical element that possesses a multitude of vibration modes. 31 In principle, any vibration mode can be used as an independent force sensor. However, the fundamental mode of the cantilever, i.e., the mode that has the lowest resonance frequency and spring constant, is generally used for imaging purposes. The lower spring constant of the fundamental mode makes it more sensitive to forces and lower resonance frequency ensures stable imaging. The existence of higher frequency vibration modes in addition to the fundamental mode provides a unique opportunity, because one can take advantage of these modes with higher resonance frequencies to detect higher harmonic forces. In a first attempt, Sahin and coworkers have designed the cantilever geometry to match a higher-order resonance frequency to an exact integer multiple of the fundamental resonance frequency. 8 When the cantilever is driven at the fundamental resonance frequency in tapping mode, one of the higher harmonics gets enhanced by the resonance of the matching higherorder mode as much as 30 dB. An SEM picture of one such cantilever is given in Fig. 2(a) . The main feature of this cantilever is the rectangular hole that is placed about 1/3 of the full length away from the free end. The size and placement of the hole are ultimately determined by finite element simulations. The basic strategy in this design is to lower the effective spring constant of the thirdorder flexural mode by removing mass from a highly bending region in the corresponding mode shape. As a result of lowered effective spring constant, resonance frequency of the third mode reduces. To illustrate the enhancement mechanism, we compare the frequency response curves of an unmodified and modified cantilever to the right of the SEM picture. The frequency axis is normalized so that the fundamental resonance frequency corresponds to 1. Harmonic frequencies are marked with diamonds on the response curve of the modified cantilever. The responses at the 1st and 16th harmonics coincide with local maxima, whereas on the unmodified cantilever the response at the 16th harmonic is away from the resonance peak. During the imaging process, the 16th harmonic force component can be measured by detecting the cantilever vibrations at this frequency in addition to the drive frequency. According to the force-frequency relationships presented in Fig. 1 , the magnitude of a higher-harmonic force strongly depends on the elastic modulus of the sample. Therefore, an image generated by recording the magnitude of the enhanced 16th harmonic will be a qualitative map of elastic properties of the sample. 23 The difficulty with this scheme is that the design and manufacturing of these cantilevers have stringent requirements on the dimensions of the cantilever.
Matching a higher-order resonance frequency to a higher harmonic enhances only the corresponding harmonic vibration signal and permits only qualitative measurements. Detailed analysis of mechanical properties of the sample requires the measurement of the complete harmonic spectrum. Figure 2(b) shows an SEM picture of torsional harmonic cantilevers that have demonstrated the ability to measure several higher harmonics. 12 The main feature of these cantilevers is the offset location of the sharp tip. When the cantilever is vibrated vertically in the fundamental mode, tip-sample interactions generate torque around the longitudinal axis. This torque creates a twisting or torsional motion in the cantilever. Torsional vibrations can be detected in commercial AFM systems with the use of the quadrant photodetector. The advantage of the torsional vibrations lies in the frequency response of the torsional modes that is given in Fig. 2(b) . For comparison, we also give the frequency response of the vertical modes. The responses at the harmonic frequencies are marked with diamonds. We see that, for the most part, the response of the torsional mode is larger than the vertical response. This is because for the frequencies of interest, the response of the torsional vibrations is dominated by a single mode (fundamental torsional mode) that has a high resonance frequency. The response is further enhanced by the increased detector signal for torsional vibrations due to short torsion arm length. A unit tip displacement caused by torsional vibrations results in a larger angular deviation and hence a larger detector signal.
Recovering Tip-Sample Force Waveforms
When a torsional harmonic cantilever is used in the tapping mode, both vertical and lateral detector signals are measured. Vertical signals are used for amplitude feedback to follow topography as in conventional tapping mode. Torsional vibrations are used to measure time-varying tip-sample forces. Raw torsional deflection signals are not directly proportional to the tip-sample forces. The vibration signals are affected by the frequency response of the torsional modes plotted in Fig. 2(b) and other non-linearities in the detector. Corrections of these effects and details of the instrumentation are described in detail in ref 12 . A procedure to calibrate the detector signals in voltage units into force values has also been proposed. 32 During the imaging process, torsional vibration signals can be recorded and downloaded to a computer. Then the corrections for the torsional frequency response and detector non-linearities can be performed digitally. We have scanned the surface of a polymer sample composed of multilayer polyethylene with alternating high-and low-density regions. Torsional vibration signals recorded during the scan are analyzed with a computer. Two examples of tip-sample force waveforms calculated on high-and low-density regions are given in Fig. 3(a) and 3(b) , respectively. The forces recorded on the high-density region shows peak tapping forces around 6 nN, whereas the peak force on the lowdensity region is around 4 nN. The width of the pulse is also wider on the low-density region. As discussed in the theoretical background section, the observed characteristics of the waveform on low-density polyethylene indicate a lower stiffness. The force-distance relationships derived from the waveforms and the vibration amplitude are given to the right of the corresponding waveforms in Fig. 3 . Unlike theoretical simulations, the rest position of the sample surface level is not known in these experiments. Therefore, the origin of the position axis is set to the lowest position of the tip, i.e., the maximum indentation depth. We see that the forces gradually increase towards the lowest position of the tip. This is where the tip indents the sample. Slopes of the force-distance curves at the indentation region are proportional to the stiffness of the sample. In this representation of the tip-sample forces the lower stiffness of the low-density region becomes clearer. We calculate elastic modulus values by fitting the force-distance relationship to the DMT model given in eq 1. In this procedure we first estimate the adhesion force term with the peak negative force. 12 The model requires the knowledge of tip diameter, which we assume to be 7 nm. The resulting modulus values calculated for the two waveforms are 588 MPa and 56 MPa, respectively. These numbers are fairly close to the typical values, which are 750 MPa and 50 MPa.
Torsional Harmonic Images
In the previous subsections, we discussed engineered cantilevers to enhance the signals at higher harmonics and demonstrated recovery of tip-sample force wave-forms. This analysis provides in-depth information, however, it requires extensive calculations. For the task of material differentiation based on elastic modulus one can use a lock-in amplifier referenced at a selected higher-harmonic frequency to measure its amplitude. The amplitude of the higher-harmonic signal can be mapped across the sample to generate the "harmonic image" of the surface. According to the discussions presented in the theoretical background section, amplitudes of the higher harmonics depend strongly on the elastic modulus of the sample. A correctly chosen harmonic can provide a good contrast and monotonic response with increasing elastic modulus. 23 Torsional harmonics cantilevers enhance several harmonics up to the torsional resonance frequency. Therefore, any of these harmonics can be recorded. This makes it possible to choose the harmonic that provides the best contrast. To illustrate this process, we present harmonic imaging results on a polymer composite film prepared on a silicon substrate. The polymer film is made of amorphous and polycrystalline polyethylene, similar to the polyethylene samples studied in the experimental section. However, this sample has both nanoscale and microscale features and helps better evaluate the spatial resolution of the harmonic images.
In Fig. 4 , topography and harmonic images recorded on the polymer film are given. The image was recorded in ambient conditions with a cantilever that has a vertical spring constant of 1 N/m. The set point and free amplitudes were approximately 60 nm and 90 nm, respectively. In the first scan across the sample, we have changed the lock-in reference frequency from 9th harmonic to 12th harmonic, and finally to 6th harmonic to observe contrast variations without interrupting the scan process (i.e., fixed feedback conditions). The topography and harmonic images recorded over a 20-micron area are given in Fig. 4(a) and 4(b) , respectively. The parts of the harmonic image where the lock-in reference frequency is set to different harmonics are marked with curly brackets to the right of the image. We observe that the contrasts for each harmonic are different. A binary contrast level is seen for the 9th and 12th harmonics. However, the 6th harmonic image yields three signal levels, bright, medium, and dark. The existence of three signal levels indicates three distinct material properties. We hypothesize that the silicon substrate might not be fully covered by the two polymers. Silicon is substantially stiffer than polymer materials, therefore, the bright features might correspond to silicon. A better insight is obtained when we zoom in to the region indicated by the dashed rect- Fig. 3 . Measured force-time and force-distance relationships by the torsional harmonic cantilevers on (a) high-and (b) low-density polyethylene samples under same tapping-mode feedback conditions. The slopes of the force-distance curves at the lowest tip position (indentation region) are proportional to the stiffness of the samples. angle in Fig. 4(b) to resolve smaller features. The topography and the 6th harmonic image recorded on this area are given in Fig. 4(c) and 4(d) , respectively. The bright features in the harmonic image are resolved more clearly at this scan size. Note that these regions correspond to topographically lower parts of the sample, as indicated by the darker colors in the topography image. This supports our hypothesis that these regions might correspond to the silicon substrate beneath the polymers.
dIscussIon And conclusIons
In this article we discussed the limitations of the conventional tapping-mode AFM to access tip-sample interaction forces and learn about the material properties of the sample. We presented recently developed AFM cantilevers that enable the measurement of tip-sample interaction force waveforms and mapping material properties based on the harmonic components of these forces. Implementation of this technique requires the replacement of the AFM cantilever with the specially designed torsional harmonic cantilevers and the use of a lock-in amplifier or high-speed data acquisition capability. Both lock-in amplifiers and high-speed data acquisition cards are commercially available components. Therefore, adaptation of this technique in an existing atomic force microscope system is relatively easy. A detailed understanding of tip-sample interaction mechanisms can be obtained from the calculated tip-sample force waveforms; however, it requires extensive calculations and corrections on the acquired data. The harmonic images recorded with a lock-in amplifier provide a qualitative map of the surface mechanical property variations. Distinct material contrasts observed at different higher harmonic images show that there is substantial information about the sample material properties in higher harmonic vibrations. Therefore, this technique has the potential to perform compositional mapping on samples with multiple components with nanoscale feature sizes. 
